A sulfur-containing residual oil has been cracked in a fluidized bed of an iron-containing catalyst with hydrogen generation of 180Nl-H2/kg-feed oil by reaction of ferrous oxide with steam and of 30Nl-H2/kg-feed oil by dehydrogenation of the feed oil. The iron sulfide formed in the catalyst during partial oxidation of coke has been desulfurized by roasting with air in a fluidized bed roaster. The desulfurization reaction has been found to be fast enough to attain equilibrium during roasting. Based on these results, a new cracking process has been proposed. It consists of cracking sulfur-containing residual oil, generation of hydrogen, partial oxidation of coke on the catalyst, fixation of gaseous sulfur compounds in the catalyst, and roasting of the iron sulfide.
Introduction
When a sulfur-containing residual oil is cracked over a catalyst containing iron, the iron oxide in the catalyst is sulfided to iron sulfide as previously reported1 The properties and composition of the catalyst used are shown in Table  2 .
Method of Experiment
The experimental apparatus for cracking of residual oil with generation of hydrogen is shown in Fig. 1 . Its feed capacity is 4kg/hr. The three reactors (cracker, regenerator, and roaster) are made of type 304 stainless steel and heated with electric furnaces. Sizes of the reactors are shown in Table 3 . The catalyst was circulated between cracker (1) and regenerator (2) . The catalyst was continuously transferred from the regenerator (2) to the catalyst pot (6) with a rotary feeder (5) and it was periodically transferred to the catalyst hopper (7) , from which the catalyst was supplied to the roaster (3). The catalyst discharged from the roaster (3) was accumulated in the catalyst pot (8) and transferred to the catalyst hopper (4) to supply the regenerator.
The residual oil was fed to the bottom of the cracker together with an atomizing and fluidizing gas. The cracked gas and oil were discharged from the cracker, and they were quenched in the quencher (9) . The cracked gas was separated from the oil and water in the oil trap (10) and its flow rate was measured with the gas meter (12). Partial pressure of steam in the gas from the cracker was calculated from the amount of water separated.
The product gases from the regenerator and the roaster were cooled in the coolers (14), and their flow rates were measured with respective gas meters (12). The composition of the gases was analyzed by gas chromatography. The operating conditions of the reactors are shown in Table 3 .
Definition
The excess air coefficient is expressed by the following equation:
Excess air coefficient =Amount of air fed to the roaster/ Amount of combustion air theoretically required for the following reactions
Analyses
The amount of carbon deposited on the catalyst was measured with a carbon analyzer (Kokusai Electric Co. "Coulomatic C"). The content of Table  3 Sizes and Operating Conditions of the Reactors Table  4 Analytical Conditions of Gas Chromatography sulfur in the coke-deposited catalyst was measured according to JIS K 2541. The composition of product gases generated in the three reactors was analyzed by gas chromatography. Table 4 lists the analytical conditions.
The attrition resistance of the catalyst was determined by the method described in a previous paper2).
Results and Discussion

Cracking of Residual Oil
Once-through cracking of the feed oil was conducted using steam as the atomizing and fluidizing gas. Typical yields of gas, oil, and coke obtained over the catalyst in the cracker are shown in Table 5 .
Hydrogen
Generation by Dehydrogenation of Residual Oil Cracking of residual oil was carried out using nitrogen instead of steam as the atomizing and fluidizing gas under the operating conditions shown in Table 3 . The composition of the product gas is shown in Table 6 . The amount of generated hydrogen was 29.4% of the product gas and 30 Nl/kg-feed oil. This hydrogen was apparently generated by dehydrogenation of the feed oil.
Generation by Reaction of Ferrous Oxide with Steam The residual oil was cracked using steam as the atomizing and fluidizing gas under the operating conditions shown in Table 3 . The composition of the product gas is shown in Table 6 . The amount of hydrogen generated was 69.4% by volume of the product gas and 210Nl/kg-feed oil. This hydrogen was apparently generated by both the reaction of ferrous oxide with steam and the dehydrogenation of residual oil. Steam reforming of hydrocarbons is not thought of as taking place at such a low cracking temperature3). Therefore, the difference between 210 and 30 (=180Nl/kgfeed oil) must be the amount of hydrogen generated by the reaction of ferrous oxide with steam (HS).
The coke-deposited catalyst was transferred from the cracker to the regenerator, and partial oxidation tetraoxide in the catalyst was simultaneously reduced to ferrous oxide. A typical composition of the gas from the regenerator is given in Table  7 . Figure 2 shows the relationship between HS and CO2/CO molar ratio in the product gas from the regenerator. The lower the CO2/CO ratio was, the higher the amount of hydrogen generated; that is, if the atmosphere inside the regenerator becomes more reducing, HS increases, probably because the percent reduction of the catalyst increases. The decrease in the O2/C molar ratio produces a reducing atmosphere in the regenerator (wherein the CO2/CO ratio decreases), as shown in Fig. 3 , resulting in an increase in HS. Figure 4 shows the changes in the hydrogen Table  5 Yields of Cracked Products Table  6 Composition of Cracked Gas Table  7 Typical Composition of Gas from Regenerator Fig. 2 Hydrogen Generated by Reaction of H2O with FeO in Cracker vs. CO2/CO Molar Ratio in the Product Gas from Regenerator concentration of the product gas from the cracker, the amount of hydrogen generated, and the CO/ COL molar ratio in the product gas from the regenerator during a continuous ten-day-run. The amount of hydrogen generated is affected by partial pressure of steam. No catalyst deterioration is observed; the curve did fluctuate somewhat, however, due to the variation in the operating conditions.
Sulfur Distribution in Cracked Products
The sulfur distribution in the cracked products is shown in Table 8 . The sulfur distributed to the coke and catalyst is oxidized to sulfur dioxide in the roaster, while the sulfur in the oil and gas is converted to hydrogen sulfide in the hydrodesulfurizer. Sulfur is recovered as molten sulfur more easily from hydrogen sulfide than from sulfur dioxide. Therefore, the more sulfur distributed to gas and oil, the easier its recovery. Table 8 shows that fairly large amounts of sulfur are distributed to gas and oil. Figure 5 shows the relationship between H2S/H2 and H2O/H2 in the product gas from the cracker. It can be seen that partial pressure of hydrogen sulfide increases with increase in partial pressure of steam; that is, the sulfur distributed to the gas increases with increase in partial pressure of steam in the product gas. The relationship between H2S/ H2 and H2O/H2 agrees well with the equilibrium line4) obtained from the following equation: Composition of the product gas from the roaster is compared in Table  9 (1) In the cracker, the vacuum residual oil is cracked over the catalyst containing iron oxide, and hydrogen is simultaneously generated by the reaction of ferrous oxide with steam.
(2) In the regenerator, the coke deposited on the catalyst is partially oxidized, and triiron tetraoxide (Fe3O4) is reduced to ferrous oxide (FeO). The sulfur dioxide produced by partial oxidation of coke is fixed into the catalyst.
(3) In the roaster, the sulfur fixed in the catalyst is desulfurized by roasting with air.
Conclusion
A sulfur-containing residual oil has been cracked in a fluidized bed of a catalyst containing iron. The iron sulfide formed in the catalyst during partial oxidation of coke has been desulfurized by roasting with air. The results obtained are as follows:
1) The amount of hydrogen generated was 30 Nl/kg-feed oil during the cracking of residual oil using nitrogen as the atomizing and fluidizing gas, however, it was 210Nl/kg-feed oil when steam was used as the atomizing and fluidizing gas. The difference is the amount of hydrogen generated by the reaction of ferrous oxide with steam.
2) It can be seen that partial pressure of hydrogen sulfide in the product gas from the cracker increases with increase in the partial pressure of steam. The relationship between H2S/H2 and H2O/H2 agrees well with the equilibrium line obtained from the following equation:
3) It has been found that sulfur is oxidized more readily than carbon, especially at low excess air coefficients. The desulfurization reaction is fast enough to attain equilibrium during roasting in the roaster. 4) The above observations permit us to deduce the following processes for residual oil cracking with generation of hydrogen:
In the cracker, the vacuum residual oil is cracked over the catalyst containing iron oxide, and hydrogen is simultaneously generated by the reaction of ferrous oxide with steam.
In the regenerator, the coke deposited on the catalyst is partially oxidized, and triiron tetraoxide is reduced to ferrous oxide. The sulfur dioxide produced by partial oxidation of coke is fixed in the catalyst.
In the roaster, the sulfur fixed in the catalyst is desulfurized by roasting with air.
